We investigated the nature of sensory integration deficits in postural control of young adults with ASD. Postural control was assessed in a fixed environment, and in three environments in which sensory information about body sway from visual, proprioceptive or both channels was inaccurate. Furthermore, two levels of inaccurate information were used within each channel (gain 1 and 1.6). ASD participants showed greater postural sway when information from both channels was inaccurate. In addition, control participants' ellipse area at gain 1.6 was identical to ASD participants' at gain 1, reflecting hyper-reactivity in ASD. Our results provide evidence for hyperreactivity in posture-related sensory information, which reflects a general, rather than channel-specific sensory integration impairment in ASD.
information from the three channels and the way this information is integrated, are likely to be two key contributing factors to the postural control deficits observed in ASD.
Deficits in both of these aspects of sensory processing in vision and proprioception have been previously assessed in children and adults with ASD (for review see Gowen & Hamilton, 2013) .
Visual information is differently affected by ASD depending on the level in which processing takes place, low or high (Bertone, Mottron, Jelenic, & Faubert, 2005; Pellicano, Gibson, Maybery, Durkin, & Badcock, 2005; Pellicano & Gibson, 2008) . For example, Pellicano and Gibson (2008) assessed integrity of dorsal stream visual processing in ASD and showed that children with ASD exhibited intact lower-level but impaired higher-level dorsal stream functioning. In a similar vein, proprioception was assessed in adolescents with ASD and Typically Developing (TD) controls using proprioceptive matching tasks (Fuentes, Mostofsky, & Bastian, 2011) . In this study, although ASD participants were impaired in general sensory and motor performance, their proprioceptive abilities were not different from typically developing adolescents'. Furthermore, Glazebrook et al. (2009) showed that in a manual pointing task without vision, when proprioception was the dominant modality, no ASD-related impairments were shown. However, when both modalities were present and sensory integration Postural Control In Autism Spectrum Disorder 4 demands increased, ASD participants took considerably more time to perform the pointing movements. Together, this evidence suggests that processing of unimodal sensory information in ASD, including low-level visual and proprioceptive processing, is relatively intact. Thus, the observed deficits in postural control in participants with ASD are likely to arise at the level of multisensory integration. This idea is in line with ASDrelated multisensory integration deficits in the temporal domain, shown in tasks assessing temporal integration of auditory and visual stimuli (Stevenson, Siemann, Schneider, et al., 2014; Stevenson, Siemann, Woynaroski, et al., 2014; Wallace & Stevenson, 2014) .
Postural control deficits in ASD have been identified primarily using clinical and diagnostic tests (for meta analysis see Fournier, Hass, Naik, Lodha, & Cauraugh, 2010) , with very few studies specifically examining sensory integration of vision and proprioception in this disorder. In one of these studies, Greffou et al. (2012) showed impaired integration of visual information in individuals with ASD when standing in a virtual tunnel that oscillated in different frequencies. TD adolescents', but not adults', sway increased with tunnel frequency, especially in the highest frequency, however, this was not the case in adolescents with ASD. This finding was attributed to a sensory integration impairment reflected in hypo-reactivity to visual sway-inducing information. In the proprioceptive domain, Molloy et al. (2003) asked TD and ASD children to stand on a fixed surface and on foam with and without vision. They showed that children with ASD exhibited greater sway areas, with this effect increasing with task difficulty. Furthermore, Minshew et al. (2004) reported that effects of ASD emerged only when proprioceptive information was manipulated by means of support-surface sway reference. However, none of the previous studies has systematically manipulated Postural Control In Autism Spectrum Disorder 5 sensory integration demands by means of changing the reliability of both visual and proprioceptive information in a continuous manner.
The aim of this study was to assess the nature of sensory integration deficits in postural control in young adults with ASD. Sensory integration demands were manipulated by means of inducing inaccurate visual and proprioceptive information about body sway using the well-established technique of sway reference (Black, Wall, & Nashner, 1983; L. Nashner, 1984; L. M. Nashner, Black, & Wall, 1982) . Modelling and experimental work in typically developing individuals suggests that postural sway is less sensitive to inaccurate visual, compared with inaccurate proprioceptive information (Clark & Riley, 2007; Peterka, 2002) . Thus, we predicted little or no group differences in postural sway in a fixed environment and when visual information was inaccurate, due to their low sensory integration demands. However, when sensory integration demands increased by means of introducing inaccurate proprioceptive information and especially inaccurate visual and proprioceptive information simultaneously, we expected postural sway in the ASD group to show a steeper increase compared with controls, reflecting impaired sensory integration in ASD. Finally, we expected this increase to be larger when sensory integration demands were further increased by means of greater sway-reference gains (gain level 1 vs. 1.6). The two levels of gain were selected on the basis of a previous study assessing effects of increasing levels of sway reference gain on postural sway (Clark & Riley, 2007) and on our own pilot testing. This gain manipulation, which was equivalent in vision and proprioception, allowed for a direct contrast of sensory integration deficits in the two channels. & Gruber, 2005) , completed by a parent or carer, was used to obtain an ASD severity score. In SRS, an overall score of 76 or above is considered within the severe range of ASD, a score in the range of 60-75 indicates the mild to moderate range or high functioning ASD and a score of 59 or less is considered indicative of typical development and is not compliant with an ASD diagnosis. SRS provides a valid assessment of autism severity as shown by correlation coefficients greater than 0.64 between SRS and the Autism Diagnostic Interview Revised (Hilton et al., 2007) .
Insert Table 1 Here Both groups completed a medical pre-screening questionnaire to ensure no comorbid diagnoses, such as Attention Deficit Hyperactivity Disorder (ADHD), as studies have indicated their influence on postural performance (Ghanizadeh, 2011; Postural Control In Autism Spectrum Disorder 7 Sergeant, Piek, & Oosterlaan, 2006) . Pre-screening also ensured no history of major neurological disorders and no intake of medication affecting postural control, including sleeping medication and tricyclic antidepressants (Mamo et al., 2002) . Basic sensory processing was assessed using the adolescent/adult Sensory Profile, a 60-item selfquestionnaire probing sensory behaviors through questions about everyday experiences (Brown & Dunn, 2002) . The Sensory Profile is a self-report questionnaire with questions such as "I trip or bump into things" which requires responses in a five point likert scale format e.g. (1 = Never and 5 = Always). It measures and profiles effects of sensory processing on functional performance by means of assessing participants' neurological thresholds (i.e. their sensitivity to touch or smell stimuli) and their response/self-regulation patterns (i.e. whether they change the environment to meet their sensory needs or they adapt their needs to the environment). Our ASD participants showed increased sensitivity in low registration and sensation avoiding aspects of the test compared with controls (Table 1) . This is in line with previous studies using various versions of this test (Baker, Lane, Angley, & Young, 2008; Baranek, David, Poe, Stone, & Watson, 2006; Kern et al., 2007; Watling, Deitz, & White, 2001) .
Participants provided written informed consent and the protocols were approved by the School of Psychology, Queen's University Belfast Research Ethics Committee. and Medio-Lateral (ML) directions in a sampling rate of 100Hz. Participants were asked to stand on the force plates and to be as stable as possible while looking at a fixation cross positioned in front of them at eye level. Foot placement was marked on the force plates in the beginning of the session and was identical in all trials. Stance width was adjusted to each participant's height in a standardised position, as advised by the system's manufacturer (Distance between lateral borders of the heels: 26cm apart for height=154.9-165cm and 30.5cm for height=166-190.5cm). A safety harness that ensured safety in the event of loss of stability but did not limit motion was worn throughout postural assessment.
The experiment comprised four posture conditions ( Figure 1 ): one including no surround or surface perturbations (Fixed) and three sway-reference conditions during which the visual three-sided surround (Visual), the support surface on which participants were standing (Proprioceptive), or both surround and support (Both) were tilted in the sagittal plane (Anterior-Posterior direction) using a servo-controlled motor in proportion to participants' own body sway, or sway reference (Black et al., 1983; L. Nashner, 1984; L. M. Nashner et al., 1982) . Sway reference is a well-established method of inducing inaccurate proprioceptive and visual information about body sway (Peterka & Loughlin, 2004) . During visual sway reference, when the participant sways forward 1°, the surround is tilted 1° forward (Figure 1b) , thereby inducing inaccurate visual information about body sway. Similarly, during proprioceptive sway reference ( Figure   1c ), when the participant sways forward 1°, the support surface is tilted 1° forward, Postural Control In Autism Spectrum Disorder 9 thereby keeping ankle-angle constant and inducing inaccurate proprioceptive information about body sway. It is important to emphasize that during sway reference, visual and proprioceptive information per-se were still accurate, but they were not providing veridical information about body sway. Surround and support movements were implemented in direct proportion to AP body sway as in the examples above (gain=1) or in proportion greater than 1 (gain=1.6), thereby increasing the amplitude of surround and support perturbations (Clark & Riley, 2007) .
During testing there were conditions in which participants with ASD exhibited a large amount of sway and high instability. This was particularly true of the condition inducing the largest amount of sway (both visual and proprioceptive sway reference, gain=1.6). Loss of stability was observed in four trials in total, performed by three ASD participants. As soon as loss of stability was observed, the trial was interrupted and repeated. Interrupted trials were excluded from analysis. During all loss-of-stability incidents, a small step response was sufficient to maintain balance.
Procedure
The experiment comprised two sessions, on different days, no more than one week apart. The first session took place in the participant's home or in the laboratory and comprised the pre-screening measures including demographic and medical information, the intelligence test (WASI) and the Sensory Profile. The second session took place in the laboratory and lasted 45 minutes. Postural assessment started with a practice block comprising two trials in each of the seven posture conditions with increasing sensory integration demands: Fixed, then Visual, Proprioceptive and Both at gain 1 followed by the last three conditions at gain 1.6. After practice, for the main experiment participants performed two blocks of trials: one block comprising fixed (3 trials), visual gain 1 (6 trials), proprioceptive gain 1 (6 trials) and both gain 1 (6 trials), and the other block included the last three conditions with gain 1.6. Trial duration was 20s. The order of blocks was counterbalanced across participants.
Data analysis
The Anterior-Posterior and Medio-Lateral COP trajectories exported from the balance system were low pass filtered (4th order Butterworth dual-pass filter, cut off frequency: 
Results

Ellipse area
Ellipse area results are depicted in Figure 2 . In the fixed platform condition, analysis showed no group differences in ellipse area (P>.05). In conditions containing sway reference manipulations (Visual, Proprioceptive and Both), results showed that overall, in ASD compared with controls, and this group difference became even greater, especially in the 'both' condition when gain increased from 1 to 1.6.
Insert Figure 2 here
To interrogate this three-way interaction, separate mixed design ANOVAs were performed for the two gain levels, 1 and 1.6. Results showed no group by posture condition interaction in gain 1 (P>.05) but this interaction was present in gain 1.6 F(2,56)=8.95, P<.01, η 2 =0.24, suggesting that group interactions were driven by conditions with high sensory integration demands. To identify which posture conditions were driving this interaction, we performed post-hoc independent samples t-tests with Bonferroni correction in all posture conditions and for both gains. Results showed that group differences were significant only in the 'both' condition at a gain of 1.6 t(28) = 3.46, P=.002. In all other group comparisons, the ASD group showed greater ellipse areas than controls, however, none of these differences reached significance (all Pvalues = .024 -.074). Interestingly, the two groups showed identical performance (P>.05) when controls were performing at gain 1.6 and ASD participants at gain 1 -a result reflecting the ASD group's hyper-reactivity to sensory information.
AP and ML sway SD
For AP SD (Figure 3a ) in the fixed platform condition, participants with ASD showed Figure 3b suggests that, similar to ellipse area, this interaction is due to the large increase in ML SD when gain increases in the 'both' condition. However, this interaction was not followed by a group by gain interaction and the three way interaction in this analysis only approached significance (P=.069).
Discussion
The aim of this study was to assess the nature of sensory integration deficits in postural control of young adults with ASD. Ellipse area results showed no ASD-related deficits when visual information was inaccurate, but these deficits emerged when both visual and proprioceptive information was inaccurate. Furthermore, when gain increased from 1 to 1.6, ASD participants' ellipse area increased to a much larger extent than controls'. These results suggest that the gradual increase in sensory integration Postural Control In Autism Spectrum Disorder 14 demands, induced by both posture condition and gain manipulations, resulted in a respective increase in postural sway differences between ASD and control groups. In addition, the ASD group at gain 1 showed the same ellipse area with the control group at gain 1.6 in all posture conditions. This result suggests that the amount of correction applied by individuals with ASD following a postural perturbation is much greater compared with control participants, reflecting hyper-reactivity in the ASD group. Our results are in agreement with previous studies assessing postural control using visual and proprioceptive sway reference manipulations in control populations (Clark & Riley, 2007; Doumas, Smolders, & Krampe, 2008; McCollum, Shupert, & Nashner, 1996; L. M. Nashner, 1976; Peterka & Black, 1990) . This pattern can be explained using linear models of sensory integration for postural control (Peterka, 2002; Peterka & Loughlin, 2004) . When participants stand on a fixed environment, proprioceptive and vestibular information are the key sources of information, with vision having a smaller contribution (or weight) to overall stability (Peterka, 2002) .
Thus, when inaccurate visual information is introduced, sensory information from the two other channels is sufficient to produce the appropriate corrective movements and little or no increase in sway is observed. However, when inaccurate proprioception is introduced, accurate vestibular and visual information may not be sufficient to produce appropriate corrections, due to the large contribution of proprioception to postural control. This perturbation results in an increase in postural sway, which is even greater Postural Control In Autism Spectrum Disorder 15 when information from both vision and proprioception is inaccurate because in this case vestibular is the only accurate source of information. In the present study, even though proprioceptive manipulations alone did not show group differences, the 'both' condition exhibited not only the largest postural sway in the control group, but also the largest ASD-related differences, confirming our hypothesis for a sensory integration deficit in ASD.
Our results suggest that participants with ASD exhibit the same general pattern of postural control as control participants. However, the main group difference lies on the sensitivity of ASD individuals' postural control system to increases in sensory integration demands. When these demands are low, in the case of visual manipulations, no group differences were shown. Similarly, Greffou et al. (2012) showed that adolescents with ASD show hypo-reactivity to visual stimuli, whereas, TD adolescents show higher reactivity to visual stimuli. However, in agreement with our findings, this difference in reactivity was not present in young adults (Greffou et al. 2012 ). On the other hand, when these demands were high, in the case of high gain and manipulation of both channels, our results showed that this increase affected ASD participants more than controls (Minshew et al., 2004; Molloy et al., 2003) . Together, this gradual increase in group differences with sensory integration demands reflects a general, rather than sensory channel-specific impairment in ASD. This is because a channel-specific decline would have been reflected in a greater impairment in only one of the channels (e.g. vision), together with a lack of increase in instability between this channel and the condition in which both channels were inaccurate. Similar channel-specific impairments have been shown in ASD in a recent study using a motor learning task (Marko et al., 2015) .
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An alternative explanation for the increase in postural sway in ASD could be that this impairment is due to vestibular dysfunction. Under this idea, when sensory integration demands increase in the condition involving inaccurate visual and proprioceptive information, postural control needs to rely solely on vestibular information as the only reliable source of sensory information. Thus, vestibular impairment in ASD may also explain our findings. Even though we cannot fully rule out this possibility, studies assessing vestibular function in ASD suggest intact vestibuloocular reflex function in studies assessing children (Goldberg, Landa, Lasker, Cooper, & Zee, 2000) and children and adults with ASD (Furman, Osorio, & Minshew, 2015) . This evidence is in line with the intact nature of sensory information in ASD, including lowlevel visual information (Bertone et al., 2005; Pellicano et al., 2005; Pellicano & Gibson, 2008) and proprioceptive acuity (Fuentes et al., 2011) .
We also assessed sway variability (SD) in the two directions of postural sway, AP and ML. AP variability was greater in the ASD group and increased with posture condition and gain manipulations, but unlike ellipse area results, there were no group interactions. In contrast, in ML, ASD participants showed greater variability and this difference increased with posture condition. This result suggests that sway in the ML direction reflects ellipse area results more accurately than results in the AP direction, and is unexpected because sway reference manipulations mainly targeted the AP direction. One explanation for this finding can be found in the trade-off, reciprocal links shown between AP and ML sway in a precision aiming task performed during quiet standing (Balasubramaniam, Riley, & Turvey, 2000) . When aiming constraints require minimization of postural sway in one direction to enhance aiming accuracy, in tasks like shooting or archery, this minimization is followed by a reciprocal increase in sway in the other direction. Similarly, in our study, sway minimization was required in the AP direction because this was the direction of our sway reference manipulations. Following this idea, our ASD participants are likely to have actively kept AP sway at bay when sensory integration demands increased, in order to minimize the possibility of a fall. As a result, there were no group differences in AP variability. However, this sway reduction in one direction resulted in a reciprocal increase in the other direction, but only in participants with ASD. Further research is required to interpret this asymmetry in the reciprocal increase of the two directions of postural sway in ASD.
The main focus of our study was on postural control in adults, rather than children or adolescents with ASD. Even though ASD has been primarily studied as a neurodevelopmental disorder affecting children and adolescents, many of the symptoms and characteristics of ASD persist in adulthood and are likely to be exacerbated in older age (Happe & Charlton, 2012) . This approach to ASD research is important, especially in postural control, because performance in this task declines during adulthood as instability increases with age and this dysfunction leads to the large incidence of fall accidents commonly observed in older adults (Rubenstein, 2006) . It is possible that the ASD-related balance impairments shown in the present study also increase with age and become critical after the age of 65, leading to an even greater likelihood of fall accidents in ASD than in healthy older adults. Recent studies have identified very effective ways of reducing fall accidents in healthy older adults through targeted physical activity comprising balance-training exercises (Sherrington, Tiedemann, Fairhall, Close, & Lord, 2011; Sherrington et al., 2008) . Future research could emphasize the role of physical activity and the role of exercise in ASD. Little is known about ASD individuals' ability to improve their balance, yet, a recent study (Cheldavi et al. 2014) showed that children with ASD improved their balance over a 18week practice program, including postural control with and without vision and on a fixed or compliant surface (foam). However, this study did not contrast ASD and control groups, thus, it is not clear whether the capacity for balance improvement is the same in the two groups.
The neural underpinnings of sensory integration deficits in ASD are not well understood, however the cerebellum has been identified as a critical structure, both for ASD and for sensorimotor control. On the ASD side, studies have shown a reduction in purkinje cell numbers (Bailey et al., 1998; Ritvo et al., 1986 ) and a reduction in volume of the cerebellar vermis (Hashimoto et al., 1995; Murakami, Courchesne, Press, Yeung-Courchesne, & Hesselink, 1989; Scott, Schumann, Goodlin-Jones, & Amaral, 2009 ) and on the sensorimotor control side, it is well established that the cerebellum is critical for postural control, sensory integration and motor learning (for a review see Therrien & Bastian, 2015) . While little is known about the role of the cerebellum in ASD individuals' postural control, a recent study assessed the role of the cerebellum in ASD and TD children's ability to learn a simple reaching task using visual and proprioceptive feedback (Marko et al., 2015) . Children with ASD were faster than controls in proprioceptive-based learning but slower in visual-based learning. More importantly, this study showed that parts of the anterior cerebellum extending to lobule VI and part of lobule VII involved in sensorimotor control, were smaller in volume in ASD children, even though the overall size of the brain and the cerebellum did not differ between the two groups. Given the critical role of the cerebellum in postural control, both in terms of receiving sensory input and in terms of regulating motor output, these findings suggest Postural Control In Autism Spectrum Disorder 19 that it is possible that the hyper-reactivity in ASD participants' postural control shown in the present study is due to dysfunction of the sensorimotor regions of the cerebellum.
Our study had a number of limitations. We did not study the developmental trajectory of ASD-related changes in postural control, thus, our findings are applicable only to high functioning adults with ASD. Furthermore, balance control in our study was assessed in a highly controlled laboratory environment, which means that it may not generalize to real life dynamic balance tasks like standing on a moving bus, or in a crowded room. Further research using more ecologically valid tasks is needed to uncover ASD-related differences in real-life conditions. 
